The structure and strength of low carbon steel samples have been analyzed after plastic deformation by shot peening and cold rolling. The fine scale surface microstructure caused by shot peening extends to about 50 micrometers below the surface. The structure is graded and subdivided by dislocation boundaries and high angle boundaries showing a clear resemblance to the lamellar structure which evolves during conventional rolling of bulk metallic materials from medium to high strain. As the surface is approached the boundary spacing decreases to about 50nm at the surface. In parallel the misorientation angle across boundaries increases to about 65% of high angle boundaries. The cold rolled steel shows a low hardening rate at high strain and by assuming additive strength contributions from Hall-Petch and dislocation strengthening, the flow stress has been expressed by the relationship This result points to a wider application of the suggested method to derive the local flow stress in a deformed microstructure based on a measurement of the local boundary spacing and the stress-structure relationship for the bulk material in the deformed state.
σ is the friction stress and 2 k is a number which is expressed in terms of structural parameters which have been determined by EBSD. It is found that calculated 2 k values are in accord with an experimental value of 310 MPa μm 0.5 . In the shot-peened steel the increase in av D with increasing distance from the surface is transformed into a stress profile based on the av D − σ relationship established for cold-rolled bulk samples. The calculated stress profile is validated by comparison with the experimental profile based on hardness measurements and good agreement is found. This result points to a wider application of the suggested method to derive the local flow stress in a deformed microstructure based on a measurement of the local boundary spacing and the stress-structure relationship for the bulk material in the deformed state.
Introduction
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Please cite this paper as following Plastic deformation of metals typically refines the microstructure and increases the strength. At a very large strain the structural scale can reach a nanometer dimension and a very high strength can be obtained. In order to introduce such ultrahigh strain in a bulk sample, many processes have been developed, for example high pressure torsion [1] , equal channel angular extrusion [2, 3] , and accumulative roll bonding [4] . However, a hard nanostructure can also be obtained by limiting the plastic deformation to the surface region, for example by shot peening where the surface is bombarded by hard metal balls [5] [6] [7] [8] . By this process the deformed structure is not uniform, but graded with an increase in fineness as the surface is approached. Such graded structures are also generated when the surface and near surface layers are deformed due to frictional contact [9, 10] .
A common characteristic of the nanostructured surface layer is its limited extension into the material, typically from a few micrometers [10] to a few tens of micrometers [11] . It is therefore difficult to determine the stress and strain profile in the layer, for example to be used in friction models such as by finite element methods [12, 13] . As a substitute for stress measurements, hardness at increasing depth below the surface has been supplemented by scratch testing [14] . As concerns strain profiles, they have been quantified using fiducial markers such as twin and grain boundaries [15, 16] . However, the spatial resolution of these methods is limited when considering both the fineness of the structure and its limited extension in depth. Also the accuracy of fiducial markers may depend both on the strain level and on a change in chemical composition of the surface layer during deformation.
In order to increase the resolution of the stress estimate in the surface and near surface layer, it has been suggested to supplement the direct techniques with an indirect method where microstructural parameters are quantified by electron microscopy and the stress is calculated based on assumptions with regard to strengthening mechanisms and strengthstructure relationships [12] . It is the objective of the present paper to discuss such assumptions, and a shot-peened steel sample is used in the analysis, which is based on a structural and mechanical characterization by scanning electron microscopy (SEM) and by hardness and tensile testing.
The discussion focuses on structural characterization and the strength-structure relationship in samples deformed by cold rolling and by shot peening covering length scales down to 50 nm. In parallel to the analysis of the shot-peened steel sample this study also includes a characterization of the structure and strength of the same steel, which has been cold-rolled to a high strain. Such deformed bulk samples have a lamellar structure like the shot-peened sample and they are used to determine a master curve relating structural parameters to stress values obtained by tensile testing. Such a master curve is used as a guide in the analysis of the stress distribution in the nanostructured graded subsurface layer. This distribution is validated by comparison with hardness data as a function of the distance from the surface. An extrapolation to a length scale of about 10 nm is also discussed for surfaces plastically deformed by particle bombardment and by friction, respectively.
Experimental
3
Please cite this paper as following The chemical composition of the steel used in this study was Fe-0.004C-0.44Al-0.017Ni-0.13Mn-0.0066P with an initial average grain size of 40 μm. High energy shot peening was carried out in air with φ 0.8mm high carbon steel balls (Fe-0.91C-0.61Si-0.6Mn-0.021P-0.018S(wt.%), HRC 62). The shot velocity was 260-300m/s and the coverage (the area fraction of specimen surface deformed by shots) was 200% calculated based on the projected area of balls and the weight of balls in the shooting direction in the shooting time. The peening time is 5 minutes. Some oxygen pick-up cannot be excluded but there was no observable effect on the microstructure. The peening angle was 90 ± 15° and the peening distance was 20cm. The shot-peened bar (φ 12mm) was cut into two pieces see Fig. 1 , one with a shot-peened surface and the other with an undeformed structure. Microstructural characterization with electron backscattered diffraction (EBSD) and microhardness measurements were carried out in a plane perpendicular to the shotpeened surface. The step size in EBSD was from 20nm to 0.2μm increasing with the distance from the surface. The microhardness (Vickers) profile was determined with a load of 50g with the holding time of 20s. Rolled specimens deformed to different strains were prepared from a starting thickness of 9.385mm rolled to a final thickness of ~ 50μm using material cut from the undeformed bottom part of the shot-peened bar, as shown in Fig. 1 . The reduction for each pass was around 10% and the average strain rate was about 0.3 s -1 . Rolling reductions were 50, 90 and 98.6%, corresponding to true strains, 0.7, 2.2, 4.3. Samples for tensile testing with the tensile axis parallel to the rolling direction were made based on the following standard [17] : 2 65
, where 0 S is the original cross-sectional area of the gauge length, 0 L the gauge length and B the sample thickness. The width of the gauge was 1 mm and the total length of the sample was 11.8 mm.
In previous analysis of deformation structures the boundaries subdividing the structure were separated into geometrically necessary boundaries (GNBs) and incidental dislocation boundaries (IDBs) [18, 19] , and the analysis was based on transmission electron microscopy (TEM) with a spatial and angular resolution of 1 nm and 0.5 °, respectively. In the present study EBSD is introduced with a spatial and angular resolution estimated at 10-20 nm and 1.5 °, respectively. However in order to improve the spatial resolution focused ion beam (FIB) cutting and FIB imaging have been applied in the near surface region. The boundaries were separated based on the misorientation angle into low angle boundaries (< 15°) and high angle boundaries (> 15°), and the spacing was determined as the average spacing between all boundaries, D av . In addition, the perpendicular spacing was determined between the lamellar boundaries, D GNB [9] .
Results
Fig . 2a shows the evolution of microhardness as a function of strain for rolled samples illustrating a transition from parabolic hardening to linear hardening. No saturation in strength is observed. Fig. 2b shows the microhardness as a function of the distance from the surface for a shot-peened sample. The hardness increases with an increasing rate as the surface is approached and reaches a value of 2.16 GPa at a distance of 110 μm from 4 Please cite this paper as following the surface and a value of 2.74 GPa near the surface. Note that due to the size of the hardness indent the minimum distance from the surface in Fig. 2b is about 25 μm. In Fig.  3 is shown the relationship between the microhardness and the flow stress (σ 0.2% ) and the ultimate tensile strength (UTS), respectively for the cold-rolled samples, giving the relationships: Hv = 3.5 σ 0.2 (MPa), Hv = 3.3 UTS (MPa), in accordance with the relationship typically used, σ = Ηv/3 [20] . To relate the structural parameters to mechanical properties, EBSD measurements and standard tensile tests were carried out for samples cold rolled to reductions, 50%, 90% and 98.6%, corresponding to true strains, 0.7, 2.2 and 4.3. Microhardness tests were carried out on small pieces cut from the sample after each pass at small strains and after several passes at large strains. No saturation in hardness was found, indicating that the strain at the surface is below 20 which is the saturation strain in pure high pressure torsion (HPT) Ni identified by hardness testing [21] . Figure 4 shows the microstructure at different positions from the surface for the shotpeened sample. The EBSD microstructure is consistent with the microhardness results, indicating that the structure from the shot-peened surface to the inner volume can be divided into three areas with a significant structural difference as shown in Fig 4e: Area A (0 ~ 110  μm from the shot-peened surface) with a well defined lamellar structure with lamellar boundaries parallel to the surface corresponding to the rapid increase in hardness as the surface is approached; Area B (110 μm ~ 600 μm from the shot-peened surface) with a deformed coarse grain structure containing dislocation tangles and dislocation boundaries corresponding to a relatively slow increase in hardness as the surface is approached; Area C (600 μm from the shot-peened surface) which is practically undeformed with a constant hardness and an equiaxed grain size of 40 μm, corresponding to the initial grain size. The microstructure of the surface layer is shown in Fig. 5 , illustrating a minimum perpendicular spacing between lamellar boundaries of about 50 nm. Fig. 6 shows the lamellar structures in samples which have been cold rolled to true strains of 3.4 and 4.3. Note that a finer and more homogeneous structure evolves as the strain is increased. The structure homogeneity is observed in both the center and the subsurface layers leaving a very narrow surface layer which is affected by friction during rolling. Structural parameters for shot-peened and rolled structures are given in Table 1 , showing the same trend as the strain is increased either as the surface is approached or as the rolling reduction is increased: the average boundary spacing decreases and the average boundary misorientation angle increases as does the fraction of high angle boundaries. To further explore the similarity of deformation microstructure introduced by shot peening and by cold rolling, frequency distributions of boundary misorientation angles are shown in Fig. 7 and Fig. 8 . Such distributions are characteristic for structures deformed from medium to high strain [22] as they develop into being bimodal with peaks at low angles (< 10°) and at high angles (about 50°).
Stress-structure relationships
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General equations
The deformed structures after shot-peening are lamellar structures with extended boundaries almost parallel to the surface. Between these boundaries dislocations are stored in low angle boundaries and as randomly distributed dislocations. In previous studies the lamellar structure of deformed bcc and fcc metals have been analyzed as composed of extended geometrically necessary boundaries (GNBs) and interconnecting incidental dislocation boundaries (IDBs) [18, 23] . The strength-structure relationships for a structure subdivided by GNBs and IDBs have been calculated based on an assumption that the strength contributions from the two types of boundaries are additive [24] . The IDBs are assumed to be penetrable to slip and contribute via forest hardening. The GNBs are assumed to be barriers to slip and therefore contribute in the form of grain boundary or Hall-Petch strengthening [23] . The flow stress is therefore given by [24] :
Where HP k is the slope of a Hall-Petch plot and the value of
represents a randomly measured spacing between the GNBs. The value of HP k can be determined from tensile tests of fully-recrystallized samples, and is estimated at 120 MPa μm 0.5 determined for an interstitial-free steel [19] . The other parameters in Eq. (1) σ the friction stress and 0 ρ the dislocation density between boundaries which is small and can be neglected. By applying Eq (1) to Fe [19] , Ni [24] and Al [25, 26] cold rolled from low to very high strain showing parabolic and linear hardening good agreement has been found between experimental flow stress values and hardening rates when compared with calculated values based on Eq. (1). In these experiments the structural parameters have been determined by TEM.
As an alternative to Eq. (1), other parameters can be introduced: the average spacing ( av  D ) between all boundaries, both GNBs and IDBs; v S , the total boundary area per unit volume and GNB f , the fraction of GNBs.
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an alternative stress strain relationship is then:
, Eq. (5) can be written:
[ ]
It has experimentally been found in cold rolled Fe and Ni that strengthening due to IDBs is significantly larger than the contribution from GNBs [19, 24] , i.e. 1 k will be higher than HP k . Nor will 1 k be a constant when the strain increases from low to high strain.
As an alternative to TEM the structural parameters can be analyzed by EBSD however with a lower angular and spatial resolution. Quantification of structural parameters especially related to the low angle IDBs is difficult and in more complex structures it can be difficult to distinguish between IDBs and GNBs in the form of interconnecting and lamellar extended boundaries respectively, when applying EBSD. It may therefore be preferable to classify and characterize the boundaries as low angle boundaries (< 15°) and high angle boundaries (> 15°) although their joint contribution to the flow stress in a deformed structure has not been explored in the same depth as the contributions of IDBs and extended GNBs. The change in classification of deformation-induced boundaries leads to the following stress-structure relationship [27] :
These equations will be the basis for the analysis in the following. σ is estimated at 50 MPa [19] . may not give a correct estimate of the relative contributions from low and high angle boundaries as it has been suggested [27, 28] that there exists a critical angle below which the boundary contribution increases with an increase in misorientation angle and above which a dislocation boundary and a high angle boundary show the same resistance. This critical angle has previously [25] been estimated to be of the order of 5º. It is therefore reassuring that relatively good agreement is found between the experimental value for 2 k = 310 MPa μm 0.5 and calculated values in Table II The following analysis of the shot-peened surface will therefore be based on the equation: 
General equations applied to cold rolled steel
General equations applied to shot-peened steel
The structural analysis of shot-peened steel shows that the spacing between boundaries reaches very small values near the surface of about 50 nm. However as the smallest spacing in the cold-rolled sample is about 200 nm, Eq. (11) has therefore to be extrapolated to larger values of
. An approach may be to produce finer bulk structures by applying larger strain and by adding solutes which can reduce dynamic recovery during plastic deformation. This has been tried not only in rolling but also in an experiment [29] where pure Ni with a small amount of impurities (Ti) has been deformed to a very high strain ( 100 = comparable with those obtained for the cold-rolled steel which may not be unexpected due to similarities both in crystallographic structure, shear modulus and characteristics of the deformed microstructure [19, 24] supporting an extrapolation of Eq. allowing the flow stress in shot-peened steel to be calculated as a function of distance from the surface based on Eq. (11).
In order to calculate the stress profile values based on Eq. (11) av D must be estimated at increasing distances from the surface. The structure is therefore divided into layers with decreasing thickness as the surface is approached and the structure refines [9] . This is illustrated in Fig. 10 where the bar length represents the layer thickness and the square the mean spacing in the layer.
The calculated stress profile is shown in Fig. 11 illustrating the very steep gradient in the subsurface region and that the flow stress at the surface may reach about 1360 MPa, 6-7 times the flow stress of the undeformed steel in the interior. The calculated stress profile is in Fig. 12 validated by a comparison with the experimental hardness curve (Fig. 2b) transformed into a flow stress profile based on the relationship Hv/3.5 = σ (0.2%) , see Section 3. Fig. 12 illustrates the good agreement between the calculated and experimental stress profiles. However Fig. 12 also shows that the experimental curve is discontinuous at a depth of 25 μm which has its cause in the size of the hardness indent being about 25 μm. To overcome this uncertainty in the validation the experimental curve is fitted and extrapolated based on the following equation:
-0.17 (12) where d represents the distance from the shot-peened surface. At a higher magnification calculated and experimental stress profiles in the top layer are shown in Fig. 13 showing the good agreement between the calculated flow stress 1360 MPa and the extrapolated stress of about 1380 MPa. The good agreement near the top surface indicates a continuous evolution in the refinement as the surface layer is approached, i.e. a surface layer with different characteristics due to a pick-up of impurities [10] is not observed. So, the chemical composition of the surface layer was not analyzed. Such a layer is apparently not introduced during shot peening under the present experimental conditions.
Discussion
General
The microstructural scale in the graded surface layer in shot-peened samples extends from the submicrometer to the nanometer dimension. At the surface the scale has been reduced to about 50nm to be compared with 100-200 nm which typically can be obtained in metals deformed to high and ultrahigh strain by processes such as rolling, wire drawing and extrusion. A further reduction in the structural scale has however been obtained with processing by surface mechanical attrition (SMAT) where the surface is deformed by particle bombardment but where the ball size is large, for example 8 mm [11] compared with a size of 0.8 mm in the present study. Such an increase in the size of the balls increases the impact energy significantly leading to a reduction in the structural scale of the surface and an increase in thickness of the deformed layer. By applying this 9
Please cite this paper as following technique to deform pure iron [11] it has been possible to reduce the scale of the surface layer to about 10 nm and to increase the thickness of a nanostructured surface layer to about 15 μm. A graded surface structure with a similar fineness has been introduced by sliding deformation of copper [9] . Data obtained by SMAT deformation of iron and sliding of copper are included in the following discussion together with the present data for shot-peened steel and cold rolled steel in order to cover a structural length scale in a graded structure from a few hundred micrometers to tens of nanometers.
Deformation microstructure
The microstructural characterization of shot-peened and cold rolled samples have a clear resemblance. They are lamellar with extended boundaries almost parallel to the surface and the structure is subdivided by high angle and low angle boundaries with some loose dislocations and dislocation tangles between the boundaries. The similarity between the deformed structures is also demonstrated by applying the scaling hypotheses [22, 30] to the distance (D GNB ) between the lamellar boundaries measured perpendicular to the surface (see Fig. 14) . For comparison data for samples deformed by SMAT and friction are also included in Fig. 14 showing a clear resemblance between the structures formed by the different techniques. In general the deformation microstructure in the shot-peened sample can be characterized as a low-energy structure similar to structures formed by conventional deformation processes [18] . A comparison of shot-peened and cold rolled structures however also shows differences. The structural scale in the shot-peened sample is finer and the fraction of high angle boundaries is larger. However, this fraction is somewhat smaller than the fraction of 70 ~ 80 % which can be observed in samples deformed to a very high strain for example by accumulative roll bonding [32] , equal channel angular extrusion [33] and high pressure torsion [21] indicating that the strain at the surface in the shot peened sample is high but not ultrahigh.
A comparison of the present shot-peened structures with the surface structures in SMAT and friction samples shows a significantly finer structure in the latter and also a less defined lamellar structure where equiaxed grains and subgrains supplement the lamellae. SMATed and friction samples show a continuous decrease in the boundary spacing as the surface is approached in accordance with the present observation, i.e., in none of the studies is a discontinuous change in the structural evolution observed, as for example, in samples deformed in friction tests where a surface layer can be significantly affected by a pick up of impurities [10] .
Strengthening mechanisms
The stress-strain relationship for the cold rolled sample is parabolic at low strain and linear at high strain as has previously been observed in cold-rolled Ni [24] , IF steel [19] and aluminum [26] . In these experiments the dominating strengthening mechanisms were suggested to be Hall-Petch and dislocation strengthening being linearly additive. For the shot-peened sample, the same strengthening mechanisms are assumed to operate due to the similarity in the characteristics of the deformed microstructure evolving during cold rolling and shot peening. However, the stress state is different as significant elastic compressive stresses are introduced in the surface layer during shot peening [6] . This can lead to an increase in fatigue strength and fracture resistance and an effect on the strength determined by hardness cannot be excluded. This effect has been analyzed [11] in pure iron deformed by SMAT by characterizing the hardness, the microstrain (measured by Xrays) and the structural parameters in the deformed state and after a heat treatment at 593K for 30 minutes. The annealing reduced the mean microstrain whereas the effect on hardness and on grain size was not significant. This led to the conclusion [11] that the dominating strengthening mechanisms in the SMAT sample appear to be dislocation and boundary strengthening. This conclusion indicates that the two strengthening mechanisms operate to the finest structural scale (about 10 nm) which is underpinned by a recent analysis of strengthening mechanisms in steel at different structural length scales down to the nanometer dimension [34] .
Stress-structure relationships
The stress-structure relationship expressed in Eq. (1) has successfully been applied in an analysis of the stress-strain relationship from low to high strain for cold rolled Ni [24] , Al [26] and IF steel [19] . In these studies the key structural parameters have been (13) In applying this equation it must be realized that 2 k is not a constant (see Eq. (8)) independent of the strain. 2 k will increase with strain due to an increase in LAB θ which is approximately proportional to the square root of the strain [35] . However at a large strain the increase in HAB f may be balanced by a reduced contribution from low angle boundaries. In accordance with such an evolution it is found in the present study that 2 k is not strongly dependent on the strain (see Table II ).
In applying Eq. (13) The discussion above is in support of the use of Eq. (13) to calculate the stress profile in the shot-peened sample and good agreement is found with the experimental profiles derived from hardness measurements (see Fig. 12 ). This agreement validates the stressstructure relationship and its extrapolation to about 50 nm (see Fig. 13 ). A further reduction in the structural scale to cover the finest structure in SMAT and friction samples (about 10 nm) is for future research requiring mechanical data for bulk samples with structural parameters on the nanoscale. Such data may be obtained for bulk samples by optimizing processing and material parameters. In a supplement to this research a validation of calculated stress profiles on an extreme fine scale will require mechanical test procedures with a high spatial resolution for deformed samples encompassing for example miniature test specimens and nanoindentation. However even nanoindentation may not have the sufficient spatial resolution to quantify the stress gradient in the nanostructured surface layer.
Application
The suggested method to calculate the local stress state in a deformed microstructure has been demonstrated for a surface deformed by particle bombardment. It has however wider applications as it can be used to analyze the stress state in a deformation microstructure independent of its origin based on a measurement of the local boundary spacing and the stress-structure relationship in the bulk material in the deformed state. Also many concrete applications can be suggested for example analysis of surfaces which have been deformed by friction and wear during operation of engineering components such as rollers, rails and gears. The method will also be useful in process optimization in order to tailor the properties of deformed surfaces with special applications in wind turbines, implants and microelectronic components. An important application of the method will be as an input to ongoing development of analytical and numerical 2D and 3D friction models.
Conclusions
The structure and strength of steel samples have been analyzed after plastic deformation by shot peening and cold rolling. The conclusions are the following 1. The fine scale graded surface microstructure caused by shot peening extends to about 50 micrometers below the surface. The structure is lamellar and subdivided by dislocation boundaries and high angle boundaries and as the surface is approached the boundary spacing decreases to about 50 nm at the surface. In parallel the misorientation angle across boundaries increases to a content of 65% high angle boundaries. The boundary spacing at the surface can be further reduced to about 10 nm if the ball impact energy is significantly increased as in surface mechanical attrition [11] .
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Please cite this paper as following 2. The surface and subsurface microstructure of the shot-peened steel shows a clear resemblance to the lamellar structures which evolve during conventional rolling of bulk metallic materials from low to high strain. The scaling hypothesis applies to the spacing between the lamellar boundaries and the structure can be characterized as a low energy structure illustrating the universality of grain subdivision during plastic deformation which also appears to apply to graded surface structures caused by high-energy particle bombardment.
3. By assuming additive strength contributions from Hall-Petch and dislocation strengthening, the flow stress of the cold-rolled steel has been expressed by the relationship 
